Background/Aims: There are reports that microelectrode recording (MER) can be performed under certain anesthetized conditions for functional confirmation of the optimal deep brain stimulation (DBS) target. However, it is generally accepted that anesthesia affects MER. Due to a potential role of local field potentials (LFPs) in DBS functional mapping, we characterized the effect of propofol on globus pallidus interna (GPi) and externa (GPe) LFPs in Parkinson disease (PD) patients. Methods: We collected LFPs in 12 awake and anesthetized PD patients undergoing DBS implantation. Spectral power of β (13-35 Hz) and high-frequency oscillations (HFOs: 200-300 Hz) was compared across the pallidum. Results: Propofol suppressed GPi power by > 20 Hz while increasing power at lower frequencies. A similar power shift was observed in GPe; however, power in the high β range (20-35 Hz) increased with propofol. Before anesthesia both β and HFO activity were significantly greater at the GPi (χ 2 = 20.63 and χ 2 = 48.81, p < 0.0001). However, during anesthesia, we found no significant difference across the pallidum (χ 2 = 0.47, p = 0.79, and χ 2 = 4.11, p = 0.12). Conclusion: GPi and GPe are distinguishable using LFP spectral profiles in the awake condition. Propofol obliterates this spectral differentiation. Therefore, LFP spectra cannot be relied upon in the propofol-anesthetized state for functional mapping during DBS implantation.
Introduction

Deep brain stimulation (DBS) targeting the globus pallidus internus (GPi) is a well-established treatment for
Parkinson disease (PD) [1] [2] [3] . The efficacy of DBS is dependent on the accuracy of electrode targeting. Microelectrode recording (MER) along with micro-and macroelectrode stimulation testing is often used to provide functional confirmation of optimal DBS lead placement [4] . While several groups have reported "asleep" DBS lead implantation [5] [6] [7] [8] , most centers still perform DBS implantations with patients under light sedation, using a combination of local anesthesia and analgesics to grossly preserve neuronal activity assessed by MER and allow the DOI: 10.1159/000492231 patient to participate in functional testing [9] [10] [11] [12] . MER targeting relies on the identification of characteristic neuronal firing patterns of structures positioned along the implantation track and is useful for differentiating signals generated by neurons of the globus pallidus externus (GPe) from those of the GPi [13] . PD patients are typically off medication for macrostimulation testing and intraoperative symptom monitoring. This can result in exhaustion, discomfort, and anxiety [9] . Uncontrollable tremor or dystonic movements may further complicate patient comfort during awake implantation surgery [9] .
A variety of "asleep" implantation protocols have been increasingly employed to enable either image-guided implantation with or without intraoperative neurophysiological targeting, while optimizing patient experience [14] [15] [16] . It is well accepted that anesthesia can affect MER mapping, although several groups have reported the ability to perform MER under certain anesthetized conditions [10, 17] . The development of a "hybrid" approach, where DBS lead implantation is performed with the patient anesthetized and with intraoperative neurophysiological targeting, requires signal markers that are both suitable for localizing boundaries of the DBS target and are not fully suppressed by general anesthetics. Local field potentials (LFPs), representing the sum activity of neuronal ensembles, are potential neurophysiological signals that may be applicable for "hybrid" target localization in PD [18] . Compared to the single unit recordings, LFPs are more robust but represent an integrated measure of local neuronal activity. Aberrant β (13-35 Hz) and high-frequency oscillations (HFOs: 200-300 Hz) are found in and can potentially be used for functional localization and verification of various nodes of the basal ganglia, such as the subthalamic nucleus (STN) [18, 19] and GPi [20, 21] . Recent studies use these oscillatory signals to predict the optimal targeting track in DBS implantation surgery in PD [18, 19, 22, 23] . Given the proposed role of LFPs in successful target identification and the recent surge in the literature to use "hybrid" procedures, it is important to understand the effects of anesthesia on LFPs recorded during DBS implantation surgery to assess how these signals are affected by anesthetic and whether LFPs can be used to guide functional localization and mapping in an anesthetized patient. While there have been several studies of the effect of anesthesia on unit recordings, one cannot assume a similar effect of anesthetic on LFPs. LFP and unit recordings are inherently related neurophysiological signals; however, LFPs represent the summative synchronized oscillatory activity of neuronal populations rather than the activity of single neurons, as is measured with MER. Changes in MER, such as those induced by propofol, may not directly correlate with changes in LFP [24] .
While there is some evidence to suggest that propofol decreases higher-frequency (> 20 Hz) power and increases lower-frequency (< 20 Hz) power in subcortical nuclei [25, 26] , there has been no prior assessment of spectral power changes specific to the GPi following propofol administration in PD patients. Further, concurrent change in GPe LFPs, which may be crucial for the clinical context of lead targeting, is poorly characterized. In this study the effects of propofol on GPi and GPe LFP oscillatory power in PD patients are characterized to fully evaluate the suitability of LFPs for lead targeting in the anesthetized patient. Based on prior MER and LFP studies, we hypothesized that propofol-related changes in consciousness would be associated with loss of functional specificity of LFPs in the subcortical nuclei, including the GPe and GPi.
Materials and Methods
Patients and Surgical Procedure
Twelve subjects with idiopathic PD undergoing bilateral DBS lead implantation in the globus pallidus provided written informed consent to participate in this study. The study protocol was approved by the institutional review board at the University of California, Los Angeles, CA, USA. We recorded concurrent deep brain LFPs from the bilateral pallidum (both GPi and GPe, made possible by the trajectory that traverses both nuclei, see Fig. 1 ) during rest while subjects were undergoing awake DBS implantation and after intravenous administration of propofol.
All patients underwent the surgical procedure in the off-medication state: all long-acting and short-acting medications were withdrawn at least 12 h prior to the surgical procedure. Subjects underwent clinical pre-and postoperative imaging. Preoperative imaging included T1-weighted magnetization prepared rapid acquisition gradient echo images (slice thickness = 1 mm, repetition time = 2,100 ms, echo time = 2.98 ms, flip angle = 15°, 3T, Siemens Skyra). For implantation, a Leksell stereotactic head frame (Elekta Instruments, Stockholm, Sweden) was applied to the skull, and a full head computed tomography scan was obtained using 0.6 mm slice thickness (Siemens Sensation 64). The DBS lead (model 3387, 1.27 mm lead body diameter, contact length 1.5 mm, intercontact distance 1.5 mm; Medtronic Inc., Minneapolis, MN, USA) was targeted to the motor (ventral posterolateral) GPi using image-guided targeting, 2-4 mm anterior, 19-24 mm lateral, and 4-6 mm inferior to the midcommissural point (depending on individual anatomy, Fig. 1a ). All trajectories were confirmed with intraoperative MER based on firing activity and kinesthetic tests [27] in addition to awake macrostimulation testing. Contact localization was based on a combination of MER results and postoperative image analysis, as described below, when available.
Data Recording
LFPs were recorded with the lead in the final implant position in all subjects using the lead's 4 ring electrode contacts (contacts 0, 1, 2, and 3, ventral to dorsal). Signal acquisition was performed using BCI2000 v3 connected to an amplifier (g.Tec, g.USBamp 2.0) with a sampling rate of 2,400 Hz and online 0.1-1,000 Hz bandpass filtering. Ground and reference contacts were connected to the scalp. Bipolar re-referencing was used for further signal analysis, yielding 2 bipolar signals to evaluate differences between GPi (bipolar pair 0-1) and more dorsal signals (bipolar pair 2-3, collectively referred to as GPe, since contact 3 reaches to 10.5 mm above target which consistently includes GPe).
We began recordings with patients resting awake with eyes open for 1 min, after which propofol was administered according to the attending anesthesiologist's clinical judgment. Recordings continued, and patients were assessed verbally at least every 30 s after propofol administration to ensure and determine the timing of loss of responsiveness. We used the modified observer's assessment of alertness/sedation scale (MOAA/S) to evaluate the subject's level of alertness. Each patient included in the study reached a score of 0/1, after which recordings continued for 1 min. Recordings continued for an average of 5 min after the start of propofol administration. Due to variations in propofol dosing, cardiac output, and blood volume across subjects, we expected substantial differences in circulation time and anesthetic induction across subjects. Therefore, we focused our analyses on prebolus and postinduction steady-state signals, using the last minute of recording as the time period when subjects were maximally anesthetized and no longer verbally responsive (hereafter referred to as anesthesia period or Anes), and contrasted this with the preanesthesia (PreAnes) stage.
Localization of DBS Electrodes in the MNI Standard Space
Preoperative high-resolution MR structural scans were acquired in all subjects. In the subgroup of 8 subjects, a postoperative high-resolution computed tomography scan was acquired. The DBS electrodes for this subgroup were localized using the Lead-DBS software [28] (http://www.lead-dbs.org). Initially the postoperative computed tomography scan was coregistered to the preoperative structural MRI using two-stage linear registration (rigid followed by affine) as implemented in advanced normalization tools [29] . Next, all images were normalized to the MNI standard stereotactic space (ICBM152 2009b nonlinear asymmetric) using the SyN registration approach as implemented in advanced normalization tools [29] . Lead trajectories were prelocalized by Lead-DBS and manually adjusted to ensure optimal reconstruction in the standard space. All reconstructed leads from the left hemisphere were mirrored to the right side, and data from all patients were aggregated for visualization ( Fig. 1 ). The DISTAL minimal atlas for the stereotactic targets was used to illustrate the relative position of the leads with respect to the internal and external part of the pallidum [30] . Bipolar signals from contact pairs 0-1 (marked in red, 
Data Preprocessing
Signal analysis was performed using custom made scripts in MATLAB (version 8.6, The Mathworks Inc., Natick, MA, USA) and Fieldtrip toolbox for EEG/MEG analysis [31] . Data were converted to bipolar montage and standardized using Z transformation and then parsed into PreAnes and Anes epochs excluding all the segments containing electrical or unwanted movement artifact using methods previously described [20] . Removed segments primarily featured power spectra with abnormally high values, excessive harmonics, and time series with high rates of voltage change. Data were bandpass filtered at 1-300 Hz using a 6th-order Butterworth IIR filter (forward and backward to ensure no phase distortion was created during bandpass filtering). Line noise (60 Hz) and its harmonics (up to 300 Hz) were removed from the data using notch implemented in the fieldtrip toolbox.
Power Spectral Density and Peak Estimation
Power spectral densities for PreAnes and Anes conditions were calculated using Thomson's multitaper method in 1-s consecutive time windows with no overlap for frequencies of 3-300 Hz with ±2 Hz frequency bandwidth (3 tapers) [32, 33] . Group average power spectral densities for both conditions were then calculated at each contact pair. Spectral peaks in the α-β range (8-35 Hz) were detected using a peak detection algorithm, similar to what has previously been described [21] , as local maxima in the spectral power for each signal. Adjacent peaks in the same spectra had to be separated by at least 4 Hz to be considered separately. All detected peaks were visually inspected to identify potential false positives and negatives. To explore how propofol changes spectral peak distribution in pallidal signals, we then created a nonparametric probability density estimate [34] of detected peaks for GPi and GPe signals in PreAnes and Anes conditions separately (ksdensity.m, 2 Hz smoothing bandwidth).
Spectral peaks in HFOs (200-300 Hz, frequency range selected based on our prior work [20, 21] ) were extracted using the Matlab curve fitting toolbox. We fit a power law estimation to each spectrum using the 35-175 Hz frequency range (excluding line noise frequencies) to reduce the effect of spectral peaks on the model and then subtracted this estimation from the spectrum. We then used smoothing spline to detect the spectral peak of the resulting data within the HFO range. We confirmed all of the detected peaks visually and calculated peak power normalized to the total power in the HFO range (200-300 Hz) to account for variable baseline power at different contact pairs and also across the population. The normalized peak HFO power was used in subsequent group level analyses. The average band power was also calculated for frequency bands of α (8-12 Hz), low β (13-20 Hz), high β (21-35 Hz), and low γ (40-80 Hz). These frequency bands were chosen based on our previous findings [21] .
Statistical Analysis
Statistical analysis was performed using SPSS (IBM Corp., Armonk, NY, USA) and STATA (StataCorp LLC, College Station, TX, USA). We calculated the mean group spectrum for each condition along with the corresponding Z statistics using asymptotic spectral probability distribution and the 95% confidence intervals using Jackknife estimation of variance [33] . Statistically significant differences in spectral power between two conditions (PreAnes/ Anes) at each frequency (3-300 Hz) and each contact (GPi, GPe) were assessed using the two-group test of the spectrum [32, 33] , with a null hypothesis that conditions have equal spectra within the cohort.
To correct for multiple comparisons, we note that differences in spectra due to chance are likely to be present at discrete frequencies, while neurophysiological differences span contiguous frequency ranges (e.g., α, β). Since spectral estimates at frequencies separated by less than the bandwidth of the multitaper method (4 Hz) are inherently correlated, we rejected the null hypothesis for all candidate frequencies constituting bands whose width is larger than 4 Hz.
Another complementary method was used to assess the statistical significance of power changes. The average normalized band power values were calculated for the different frequency bands α, low β, high β, and γ. We used normalized peak power to compare HFO activity as described earlier. Because our sample size is < 50, the Shapiro-Wilk test was used to assess normality of distribution prior to comparing power (at different frequency bands). Since this test could not reject the normality of distributions (p > 0.05), we used the paired-sample t test to compare band power across pallidal contacts between conditions. All resulting p values were corrected for multiple comparisons using the Bonferroni or Holm's sequential Bonferroni method [35] .
Finally, we used linear mixed-effect modeling (LMEM) to examine the difference in the average β-power and HFO peak power ratio, between PreAnes/Anes states at each contact pair across the cohort. LMEM is the extension of the linear regression method that models the linear relationship between a response variable and independent variables, with coefficients that vary with respect to grouping variables [36] . In this study, each subject contributed multiple samples (from 2 hemispheres and 3 contact pairs in the pallidum) in a repeated measures design. LMEM, unlike analysis of variance-based techniques (i.e., ANOVA), is a robust statistical technique for repeated measures study design and accounts for the inherent correlation between repeated measures from each subject [37] . Models were constructed with three grouping factors including anesthesia state (PreAnes and Anes), contact pairs (0-1: GPi, 1-2 and 2-3: GPe), brain side (left or right hemisphere). We include "brain side" as a factor as recordings from bilateral hemispheres from individual subjects are not completely independent. The average values of the power (dB), as a function of these grouping variables, were used as response variables. Interactions between effects were studied as part of the model and assessed for statistical significance (p < 0.05).
Results
Patient Demographics and Anesthetic Induction and Maintenance
Twelve subjects (i.e., 24 hemispheres) were evaluated (3 female; average age, 65 ± 7 years). Clinical evaluation of disease severity was done before the surgery while subjects were off medication. The Unified Parkinson Disease Rating Scale (UPDRS) part 3 (motor examination) indicated a mean ± SD of 41 ± 9 for severity of the motor symptoms. The average body weight across the cohort at the time of the recording was 78.6 ± 17.87 kg. Propofol was administered intravenously with an initial bolus of 0.53 ± 0.33 mg/kg, followed by an average continuous infusion rate of 63 ± 33 μg/kg/min. Please refer to for detailed information. The 2 ventral and 2 dorsal contacts are consistently located within the GPi and GPe, respectively (Fig. 1c) .
Propofol Causes a Shift in the Pallidal Spectral Power from Higher to Lower Frequencies
Propofol administration resulted in a spectral power shift from high to low frequencies in both GPi and GPe (Fig. 2) . In GPi, the two-group test of spectra showed that power between 2 and 22 Hz increased while spectral power between 23 and 300 Hz decreased (Fig. 2a) . In the GPe, power between 2 and 38 Hz increased while spectral power between 43 and 300 Hz decreased (Fig. 2a) . Band power analysis further confirmed significant suppression of low γ and HFO power in both GPi and GPe. Similarly, α and low β power significantly increased in both GPi and GPe. Interestingly, propofol had opposite effects on high β power in the GPi and GPe. Whereas high β power increased in the GPe, high β was suppressed in the GPi recordings (Fig. 2b, Table 2 ). Given the different direction of change for low and high β power within the GPi (as opposed to the GPe), comparison of total β power between PreAnes and Anes states indicated no significant difference between the two conditions in the GPi (p = 0.14, paired t test), while a significant increase in the total β power was identified in the GPe (p = 0.003, paired t test).
Propofol administration was also associated with changes in distribution of spectral peaks for frequencies between 8 and 35 Hz (α/β range) from a bimodal to unimodal distribution (Fig. 2c) . Specifically, the GPi spectral profile changed from having bimodal spectral peaks at 15 and 24 Hz to have a single peak at 12 Hz. Likewise, the GPe spectral profile changed from having bimodal spectral peaks at 13 and 24 Hz to a unimodal peak at 13 Hz.
Spatial Specificity of β and HFO Oscillations is Lost with Propofol
Analysis of spatial specificity of β and HFO oscillations in the pallidal recordings was carried out by comparing β power across 3 contact pairs. LMEM analysis of spectral β band power/HFO normalized peak power as a full-factor combination of anesthesia condition (PreAnes vs. Anes), brain side (left vs. right), and contact (0-1: GPi, 1-2, 2-3: GPe) was statistically significant (χ 2 = 25.57, p = 0.0075, and χ 2 = 163.32, p < 0.0001 for β and HFO, respectively). During the PreAnes period, LMEM identified a significant difference across 3 pallidal contacts for β (χ 2 = 20.63, p < 0.0001) and HFO (χ 2 = 48.81, p < 0.0001). After propofol administration, the model showed that β power and HFO peak power ratio were not significantly different across the pallidal signals (χ 2 = 0.47, p = 0.79, and χ 2 = 4.11, p = 0.12, respectively). We further explored pairwise contrast of mean β power and HFO peak power ratio between channel pairs. During PreAnes, β/HFO was significantly larger in channels 0-1 in the GPi relative to 2-3 in the GPe (p < 0.001/p < 0.001) and relative to channel pair 1-2 (p = 0.03/p = 0.005) (Fig. 3) . During the Anes period β/HFO in the GPi was not significantly different relative to any of the other pallidal signals (p > 0.06).
Due to opposite behavior of low and high β power in the GPi as described above, we further used LMEM for the two β subbands separately. Such analysis showed that similar to the whole β band, during the PreAnes period, there was a significant difference across the contacts for both low β (χ 2 = 17.92, p = 0.0001) and high β (χ 2 = 12.80, p = 0.0017). These differences however were found to be statistically insignificant after propofol administration (χ 2 = 0.56, p = 0.76, and χ 2 = 0.09, p = 0.96 for low and high β, respectively). 
Discussion
The potential role of LFPs for DBS localization has been previously described and reinforced by the current results in the preanesthetized state. Previous studies in PD patients undergoing STN-DBS implantation suggest that features of spectral power in β band and HFO could be successfully used to distinguish the target location and track within the STN [18, 19, 22, 23] . Similarly, previous findings of our group indicated that both β and HFO activities are strongest at the GPi target (compared to the more dorsal recording sites along the track) [20] . Spectral power changes in GPi/GPe recordings before and after propofol anesthesia. a Group average power spectral density for GPi and GPe, during per-bolus period (black curve) and anesthetized state (red curve). The statistically significant power difference between the two states is indicated by vertical shade, where red and gray colors indicate power was significantly greater during anesthetized and pre-bolus periods, respectively. b Boxplots comparing average band power for different frequency bands before and during the anesthesized state. Pairwise comparison indicated that all changes were significant (see Table 2 for details). As reported in the present study, the GPi was characterized by significantly greater relative power in both β and HFO frequencies when compared to the GPe. The relative power difference that we observe along the pallidum in the awake state, is consistent with prior MER single-unit activity studies which describe a significantly greater mean discharge rate in the GPi versus the GPe in PD patients at rest [38] . Altogether, these findings suggest that in the awake state, β and HFO activity could potentially serve as neurophysiological biomarkers of target engagement of GPi. Given the recent interest of the field in using "asleep" DBS implantation protocols, we further tested these neurophysiological markers of the target location under propofol anesthesia, to determine whether the spatial specificity of LFP persists in the anesthetized stage and can therefore be used as a biomarker in anesthetized patients. Our findings indicate the obliteration of these major distinguishing features, which are the relative difference in β and HFO power values, between the GPi and GPe under propofol general anesthesia.
The effects of propofol-induced unconsciousness on the GPi MERs in PD patients are not settled. However, one study of 10 dystonia patients found a correlation between high-dose propofol general anesthesia and decreased number of identified high-frequency discharge neurons in the GPi [10] . In the STN of PD patients, propofol sedation has been generally associated with the dampening of neuronal spiking activity [17, 39] , although there have been reports of no significant effect [40] . A previous study used γ and HFO power to estimate the dorsal STN border when compared to MER estimates [22] . Additionally, these HFOs have been shown to correlate well with single neuronal spiking activity as measured by MER [41] [42] [43] [44] . Following propofol induction, we observed a significant suppression of power in higher frequencies (i.e., > 40 Hz) and a coincident narrowing of relative power difference between the GPe and GPi. Thus, in the unconscious state, HFO activity may not be useful for characterization of the GPi. If HFO activity is indeed a surrogate for local neuronal spiking activity, our results are consistent with previous reports that propofol-induced unconsciousness inhibits neuronal firing in both the GPe and GPi.
Although previous studies have demonstrated changes in microelectrode signals under general anesthesia [17, 39] , several groups have attempted using different regimens of general anesthesia under which MER can still be recorded from the STN. These techniques included using less than 1% sevoflurane concentration [45] , a combination of inhalational nitrous oxide and isoflurane or intravenous propofol and remifentanil [8] , desflurane inhalation [46, 47] sustaining the minimal alveolar concentration below 1% during MER [48] . These findings along with our current findings emphasize the importance of anesthetic dose concentration and timings on the neurophysiological recordings. Our current results do therefore not imply that LFPs cannot be used for target identification under all forms of general anesthesia, rather we suggest these oscillatory signals cannot be reliably used to identify the target area under greater doses of anesthesia (similar to the protocol we employed). Future studies need to investigate LFPs under suggested regimens of anesthesia with reliable MERs to further explore the utility of these signals in DBS target localization. During propofol-induced unconsciousness, we observed a similar shift to low-frequency predominance in both GPe and GPi; coincident with changes in power, we also observed a shift of the spectral peak from frequencies < 35 Hz to the α range. Α synchronization across the frontal cortex has previously been shown to correlate with the propofol-induced unconscious state [49] [50] [51] . This increased α synchrony has been implicated to involve deep nuclear structures, such as the thalamus [51] . The observed dominance of pallidal α oscillations within the pallidum (both GPi and GPe) would be consistent with a theory of basal ganglia involvement in the thalamocortical α synchrony given that decreased power is generally related to reduced coupling across regions [25, 26, 51] .
Limitations
Propofol, a GABAergic sedative, is the most common anesthetic used for DBS electrode implantation [14, 17] . The precise effect of propofol general anesthesia on basal ganglia activity may vary with a patient's disease state, time of sedation, and dosing strategy [10, 14, 26] . Propofol has previously been shown to suppress β power in the STN of PD patients in a "consciousness-independent," dose-dependent manner [26] . Thus, conclusions regarding the contributory effect of propofol versus the patient's disease state on neuro-oscillatory activity may be limited. Also, macroelectrode recordings are performed with high temporal resolution; however, the assessment for the level of a patient's consciousness using MOAA is prone to temporal error. There may have been periods of electrode recordings during which the patient was not fully unconscious. This may have altered LFP recordings during supposed states of unconsciousness.
Conclusion
In this study, we used LFP recordings from the GPi and GPe in awake and unconscious PD patients to assess the potential utility of LFP-guided targeting during propofol general anesthesia. Our results show that prior to anesthesia, the GPi and GPe are distinguishable using their LFP power spectral profiles, namely in β and HFO frequencies. With the administration of propofol, we observed the obliteration of this major distinguishing feature, which is the relative β and HFO power difference delineating the GPi from the GPe. Our findings suggest that LFP spectra, in the propofol-anesthetized state, are most likely not suitable for functional mapping and localization during DBS implantation.
